The calculations performed in this study indicate that efficient deposition of tetragonal yttria-stabilized zirconia ͑YSZ͒ by chemical vapor deposition ͑CVD͒ is feasible using metal chloride precursors ͑Zr-Y-C-O-H-Cl system͒. As reported in the literature, this work demonstrates that high oxygen content is necessary to efficiently utilize metal chloride precursors for depositing tetragonal YSZ with CVD. Unwanted carbon impurities can be avoided by using a low hydrogen to carbon ratio ͑inlet H/C Ͼ 1), high temperatures (T у 500°C), and low pressures ( P р 1 bar͒. © 2004 The Electrochemical Society. ͓DOI: 10.1149/1.1828951͔ All rights reserved. Yttria-stabilized zirconia ͑YSZ͒ is critical for several technological applications. In particular, 6-8 wt % Y 2 O 3 ͑6.5-8.5 mol % YO 1.5 ) stabilized tetragonal-phase zirconia is used as a thermal barrier coating ͑TBC͒ on turbine blades for increasing the lifetime and efficiency of gas turbine engines. Currently, air plasma spray ͑APS͒ and electron-beam physical vapor deposition ͑EB-PVD͒ are the only two commercial methods for fabricating YSZ TBCs.
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In a cold-wall reactor, where only the substrate is heated, water is produced at or near the substrate surface, which can then oxidize the metal chlorides to deposit the oxide coating, avoiding deleterious homogeneous nucleation. 11, [13] [14] [15] [16] [17] [18] [19] For YSZ of the composition of interest, the overall reaction is 0.92ZrCl 4 ͑ g͒ ϩ 0.08YCl 3 ͑ g͒ ϩ 1.96H 2 O͑g) → 0.08YO 1.5 Ϫ 0.92ZrO 2 ͑ s͒ ϩ 3.92HCl͑g) ͓1͔
Carbon co-deposition with YSZ has been observed when using the RWGSR for the CVD of zirconia 11, 13 and alumina. 19 In an equilibrium analysis of zirconia CVD, Minet et al. 11 found that carbon deposition was favored in environments with excess hydrogen relative to CO 2 (͓H 2 ͔ inlet /͓CO 2 ͔ inlet у 1 or ͓H/C͔ inlet у 2), moderate deposition temperatures ͑727-1027°C͒, and excess ZrCl 4 relative to CO 2 (͓ZrCl 4 ͔ inlet /͓CO 2 ͔ inlet у 2). In their experimental study of zirconia CVD, Minet et al. 13 observed that carbon deposition was favored at moderate deposition temperatures ͑800-1000°C͒ and low pressure ͑2000-10,000 Pa͒. In a thermodynamic and experimental effort on the CVD of alumina, Lhermitte-Sebire et al. 19 found that excess hydrogen was principally responsible for carbon codeposition. However, in the CVD of zirconia and yttria, Sipp et al. 14, 15 found no evidence of carbon co-deposition even in the presence of excess hydrogen, high inlet ZrCl 4 /CO 2 ratios, and low pressures. However, their deposition temperatures exceeded 1000°C, suggesting that carbon deposition is not favored at high temperatures.
As demonstrated by the authors 11, 19 noted previously, it is useful to perform a thermodynamic analysis of a potential CVD system to identify the most favorable conditions for deposition. Three goals of this thermodynamic effort are to ͑i͒ identify conditions to optimize tetragonal YSZ deposition, (ii) determine CVD conditions needed to avoid carbon co-deposition, and (iii) understand the factors affecting deposition. The focus of this work is the thermodynamic analysis of the CVD of YSZ from the metal chlorides, carbon dioxide, hydrogen system carried by an inert gas, with emphasis on the formation of the tetragonal phase of YSZ. Table I lists the collected thermochemical properties for each element and pure substance [20] [21] [22] [23] that was considered beyond the existing ThermoCalc database, 24 the software package and thermochemical database used here. The information listed in this table is the standard enthalpy of formation at 298 K (⌬H f,298 ), the heat capacity relations (C p ), and the standard entropy at 298 K (S 298 0 ). The heat capacity relation used in ThermoCalc 24 is of the form
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where T is the absolute temperature, and a, b, c, and d are fitted constants. Because this work focuses on CVD at temperatures between 300 and 1500°C, liquid species were not considered. 21 who also tabulated S 298 0 and specific heat constants for YCl 3 (g). Other than these two data sources, no other data on YCl 3 gas has been reported. The values from Kubaschewski et al. 21 were used in this work. The models used for the yttria-zirconia solid solutions ͑not listed in Table I͒ that also compared favorably with that of Du et al. 26 Thermochemical equilibrium diagrams were computed in this work using the ThermoCalc computational software package. 24 The ͑kJ mol inlet variables were expressed in atomic ratios to generalize the results. The variables explored were the atomic ratios
Variable 6 represents dilution of the system with inert gas, which indirectly adjusts the species partial pressures. Besides temperature and pressure, three other CVD conditions were fixed by input mole fractions ͑x͒ of the metals (x Y ϩ x Zr ϭ 0.001) and the reagent stoichiometries of input CO 2 (2x C Ϫ x O ϭ 0), and ZrCl 4 , and YCl 3 (x Cl Ϫ 4x Zr Ϫ 3x Y ϭ 0). Figure 2 illustrates the effect of the inlet O/͑Y ϩ Zr) ratio and temperature on phase formation. For example, a minimum inlet O/͑Y ϩ Zr) ratio of 8 ensures tetragonal YSZ ͑Tss͒ formation at a typical deposition temperature of 1000°C. This is reflected in the low equilibrium gas-phase mole fraction of ZrCl 4 and YCl 3 at high inlet O/͑Y ϩ Zr) ratios, indicating efficient precursor oxidation ͑Fig. 3͒.
Results
In contrast, lower inlet O/͑Y ϩ Zr) ratios yield the monoclinic ͑Mss͒ phase or the two-phase mixture of YCl 3 (s) and Mss YSZ ͑Fig. 2͒. This differential in the yttrium and zirconium oxidation behavior is seen in Fig. 4 , which describes the effect of increasing inlet O/͑Y ϩ Zr) on the incorporation of zirconium and yttrium to form Mss or Tss phases. A negligible amount (Ͻ10 Ϫ6 %) of yttrium is present in the Mss phase up to an inlet O/͑Y ϩ Zr) ϭ 6.8. As the inlet O/͑Y ϩ Zr) ratio is increased to 8, nearly complete incorporation of both yttrium and zirconium is seen, and tetragonal YSZ forms ͑Fig. 2 and 4͒. Figure 5 also reflects this effect of inlet O/͑Y ϩ Zr) ratios on deposit compositions. For example, when the inlet O/͑Y ϩ Zr) ratio equals 8 and the inlet Y/͑Y ϩ Zr) ratio equals 0.08, the equilibrium deposit is tetragonal YSZ with a Y/͑Y ϩ Zr) ratio of 0.08. If the inlet O/͑Y ϩ Zr) ratio equals 6, the inlet Y/͑Y ϩ Zr) ratio must be 0.22 to obtain tetragonal YSZ with a Y/͑Y ϩ Zr) ratio of 0.08. In practical terms, not having a direct correspondence between the inlet atomic ratios and those of the deposit makes compositional control difficult and causes inefficient metal source utilization.
In Fig. 6 , the O/͑Y ϩ Zr) ratio is fixed at 8, while the inlet Y/͑Y ϩ Zr) ratio and temperature are varied, with the same result calculated for O/͑Y ϩ Zr) Ͼ 8. It can be seen here that the desired Tss region is favored over a broad temperature and inlet Y/͑Y ϩ Zr) ratio regions. Thus, a large ''window'' exists to deposit tetragonal YSZ.
Co-deposition of carbon with YSZ is typically undesirable. Figure 7 is a CVD phase diagram that shows the effect of inlet H/C ratios on carbon deposition as it relates to temperature and inlet metal ratio. The dashed lines are boundaries of fixed inlet H/C ratio below which carbon forms, and are superimposed on the equilibrium oxide phase regions ͑solid lines͒. The results of Fig. 7 are reflected in Fig. 8 , which describes the gas phase equilibria as a function of inlet H/C ratio at 500°C and an inlet Y/͑Y ϩ Zr) ratio of 0.08. As the inlet H/C ratio is increased, the CO and CO 2 mole fractions decrease while the H 2 O mole fraction plateaus. This result is due to inlet hydrogen consuming the oxygen to form water, thus reducing CO and CO 2 to carbon. Also, note that in Fig. 8 the ͓CO͔/͓CO 2 ͔ ratio is greater than unity for inlet H/C ratios greater than 2; thus, the carbon activity increases at inlet H/C ratios greater than 2 at 500°C.
The effect of overall pressure on carbon deposition is seen in Fig.  9 over the range 10 3 to 10 5 Pa as a function of temperature and the inlet Y/͑Y ϩ Zr) ratio. Carbon forms at temperatures below the boundaries ͑dashed lines͒. As the pressure is decreased, the carbon formation boundary shifts to lower temperatures ͑LeChatelier's principle͒. Figure 10 shows the mole percent of carbon that deposits at equilibrium relative to the moles of carbon input to the system as a function of temperature at various pressures and inlet H/C ratios. Reflecting earlier results, carbon deposition decreases as ͑i͒ temperature increases, (ii) the inlet H/C ratio decreases, and (iii) the pressure decreases. 
x CO 2 ϭ 0.16667
Monoclinic zirconia Minet et al.
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x ZrCl 4 ϭ 0.011
x CO 2 ϭ 0.058
Monoclinic and tetragonal zirconia Sipp et al. The inlet Inert/(Zr ϩ Y ϩ O ϩ H ϩ C ϩ Cl) ratio dilutes the gas phase but has no effect on the deposition of tetragonal YSZ ͑Fig. 11͒.
Discussion
For comparison, Table II summarizes the experimental results of  previous authors 10, [13] [14] [15] [16] 18 in depositing zirconia, yttria, and YSZ using chloride precursors. Excess oxygen ͑relative to the inlet metal content͒ and high temperature are generally necessary to obtain carbon-free, tetragonal YSZ. Similarly, in their equilibrium analysis of the deposition of zirconia, Minet et al. 11 found that O/Zr ratios greater than 4 (͓CO 2 ͔ inlet /͓ZrCl 4 ͔ inlet у 2), which fulfills the stoichiometric necessity to fully oxidize ZrCl 4 , were needed to efficiently deposit the monoclinic or tetragonal phase of pure zirconia. This result was later confirmed experimentally by Minet et al. 13 and Sipp et al., 14 who found that high O/Zr ratios ͑у17͒ were needed to efficiently deposit ZrCl 4 ͑Fig. 6, Table II͒ .
Confirming the greater difficulty in oxidizing the yttrium precursor, Sipp et al. 15 experimentally observed that the O/Y ratio needed to be at least 18 (͓CO 2 ͔ inlet /͓YCl 3 ͔ inlet у 9) and the temperature had to be at least 1100°C to ensure pure yttria deposition ͑Fig. 6, Table II͒ . They suggest that such a high oxygen requirement was due to the formation of condensed phase yttrium oxychloride. This condensed phase was not considered in the calculations reported here because no reliable source of its thermochemical properties was found and it was not needed to demonstrate the relatively high oxygen potential required for YCl 3 oxidation. However, condensed phase YCl 3 was used in this calculation to demonstrate the high potential for YCl 3 oxidation. Wahl et al., 16 who performed experimental YSZ deposition, also observed that a high oxygen partial pressure (O/͑Y ϩ Zr) ϭ 16) is required to fully oxidize YCl 3 and ZrCl 4 to the cubic phase of YSZ ͑Fig. 6, Table II͒ . In this case, the Y/͑Y ϩ Zr) ratio was 0.22, which further emphasizes the impact that yttrium addition has on the oxygen requirement to efficiently produce YSZ. Further, Wahl et al. 16 obtained cubic YSZ at approximately 10 mol % Y 2 O 3 ͓or a film Y/͑Y ϩ Zr) ϭ 0.18] by using an inlet Y/͑Y ϩ Zr) ratio of approximately 0.22. This means that precursor utilization is approximately 81%, which is very close to the value of 100% predicted in this work. This result matches very closely the results of Yamane and Harai, 10 who used a much higher O/͑Y ϩ Zr) ratio ͑Table II͒. Thus, the observation in this work that an inlet O/͑Y ϩ Zr) Ͼ 8 is needed to form YSZ agrees well with the values determined by others when the proportion of yttrium with zirconium is considered.
Four variables affected carbon formation: the inlet H/C ratio, temperature, total pressure, and the inlet Y/͑Y ϩ Zr) ratio. The inlet H/C ratio, which had the largest impact, when increased favored carbon formation at higher temperatures. Excess hydrogen reduces CO 2 to form H 2 O and CO via the RWGSR. Minet et al. 13 suggest carbon deposits as a result of the further reduction of CO to form carbon and more water vapor. This is seen in Fig. 8 , where a decrease in the CO partial pressure and an increase in the H 2 O partial pressure coincide with a rise in the inlet hydrogen content. As a consequence, the carbon activity increases, promoting solid carbon formation.
Discrepancies exist between this work and others on the influence of pressure on carbon deposition. The experimental work on the CVD of zirconia by Minet et al. 13 shows that the likelihood of carbon deposition decreases as pressure increases. However, in their equilibrium analysis, Minet et al. 11 found that carbon deposition did not depend on pressure. But according to LeChatelier's principle, an increase in pressure will result in carbon formation being more favorable. The equilibrium calculations of Minet et al. 11 and experimental results of Minet et al. 13 contradict each other and the results reported here and by Lhermitte-Sebire et al.
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Conclusion
CVD can be considered an alternative to current processing methods such as EB-PVD and APS because of its low capital and operational costs. This thermodynamic analysis indicates that a significant process window exists where single-phase tetragonal YSZ can be deposited. The CVD variables found to influence the deposition of tetragonal YSZ were temperature, the inlet Y/͑Y ϩ Zr) ratio, and the inlet O/͑Y ϩ Zr) ratio. For efficient oxidation of the metals, the inlet O/͑Y ϩ Zr) ratio needed to be at least equal to 8. This ratio allowed the equilibrium deposit Y/͑Y ϩ Zr) ratio and the inlet Y/͑Y ϩ Zr) ratio to be equivalent and precursor utilization to be high.
The CVD conditions that eliminated carbon co-deposition were high temperature, low pressure, and low inlet H/C ratios. For temperatures greater than 500°C, condensed-phase carbon did not form under all of the CVD variables investigated.
